Mammalian mitochondrial ribosomes (mitoribosomes) synthesize 13 proteins, essential components of the oxidative phosphorylation system. They are linked to mitochondrial disorders, often involving cardiomyopathy. Mitoribosome biogenesis is assisted by multiple cofactors whose specific functions remain largely uncharacterized. Here, we examined the role of human MTG1, a conserved ribosome assembly guanosine triphosphatase. MTG1-silencing in human cardiomyocytes and developing zebrafish revealed early cardiovascular lesions. A combination of gene-editing and biochemical approaches using HEK293T cells demonstrated that MTG1 binds to the large subunit (mtLSU) 16S ribosomal RNA to facilitate incorporation of late-assembly proteins. Furthermore, MTG1 interacts with mtLSU uL19 protein and mtSSU mS27, a putative guanosine triphosphateexchange factor (GEF), to enable MTG1 release and the formation of the mB6 intersubunit bridge. In this way, MTG1 establishes a quality control checkpoint in mitoribosome assembly. In conclusion, MTG1 controls mitochondrial translation by coupling mtLSU assembly with intersubunit bridge formation using the intrinsic GEF activity acquired by the mtSSU through mS27, a unique occurrence in translational systems.
INTRODUCTION
Mitochondria are eukaryotic organelles derived from early endosymbiotic bacteria capable of oxidative phosphorylation (OXPHOS) (1) . Present-day mitochondria have retained their own genome (mitochondrial DNA, mtDNA), which in mammals encodes 13 proteins, all of which are essential components of the OXPHOS enzymatic complexes.
These proteins, largely hydrophobic, are synthesized in specialized mitochondrial ribosomes of bacterial descent (mitoribosomes) located in the matrix and tethered to the inner membrane to facilitate co-translational insertion of newly synthesized proteins. The complete mammalian mitoribosome is a 55S RNA-protein complex consisting of a large subunit (mtLSU, 39S) and a small subunit (mtSSU, 28S). These subunits contain the mtDNA-encoded 16S ribosomal RNA (rRNA) and 12S rRNA, respectively, and more than 80 mitoribosome proteins (MRPs) encoded in the nuclear DNA (nDNA) (2, 3) . Recent data have shown that the human mtLSU also contains a structural tRNA Val , which replaces bacterial and eukaryotic 5S rRNA (2, 3) . Mitoribosomes are biomedically relevant because they share sensitivity to antibiotics similar to common infectious bacteria. Also, they are emerging as new targets for cancer therapeutics (4) . At last, mutations in MRPs, rRNAs and translation factors are responsible for a heterogeneous group of human multisystemic OXPHOS disorders, frequently involving sensorineural hearing loss, encephalomyopathy and hypertrophic cardiomyopathy (5) .
For all ribosomes, biogenesis of each subunit proceeds via independent pathways (6) (7) (8) (9) . Ribosome subunit assembly involves the coordinated processing and modification of rRNAs with the association of ribosomal proteins. The assembly process is assisted by several classes of cofactors, including guanosine triphosphatases (GTPases), DEAD-box RNA helicases, kinases, RNA modification enzymes and chaperone proteins (5, 10) . For the mitoribosome, initial assembly landscapes for yeast and human subunits have been only recently reported (6, 9) , and the identity and function of assembly factors (AFs) are merely starting to emerge (11) (12) (13) (14) (15) . Given the rRNA conformational changes that occur during ribosome assembly and the necessity to resolve possible kinetic traps, the requirement for nucleoside triphosphates (NTP) hydrolyzing enzymes is not surprising (16) . Focusing on GTPases, a subset of these regulatory proteins is involved in ribosome subunit assembly. In bacteria, with seven members involved, GTPases represent the largest class of essential ribosome AFs (10, 17) . In human mitochondria, two conserved GTPases are known to be involved in mtSSU biogenesis: C4orf14 (bacterial YqeH) (18) and ERAL1 (bacterial Era1) (19) . Two other GTPases are required for mtLSU assembly: OBGH1 (bacterial ObgE) and MTG1 (bacterial RbgA) (20) . However, their molecular functions remain unknown.
As a case in point, whereas bacterial RbgA/YlqF is extensively characterized structurally and functionally, little is known regarding its mitochondrial MTG1 counterpart, particularly in human cells. All members of the RbgA/YlqF GTPase subfamily, which contains a unique circular permutation of the guanosine triphosphate (GTP)-binding domain (cpGTPase), interact with RNA and are involved in ribosome assembly (10) . Absent in Escherichia coli, the most studied Bacillus subtilis RbgA participates in the late steps of 50S ribosomal LSU assembly and maturation (21) . It interacts with the 50S (to specific positions in 23S rRNA) in a GTP-dependent manner, and its GTPase activity is stimulated more than 60-fold by the association with the 50S subunit in vitro (22) (23) (24) . After GTP hydrolysis, RbgA dissociates from the ribosome (25) . RbgA-depleted cells do not form mature 50S but instead accumulate a 45S intermediate complex that contains substoichiometric amounts of late-assembly LSU proteins: L16, L27, L28, L33, L35 and L36 (23, (25) (26) (27) (28) (29) . The rbgA LSU assembly defect is attenuated by mutations in L6, which has suggested that RbgA could facilitate proper incorporation of L6 to the LSU assembly line, subsequently triggering the integration of lateassembly proteins (26) . In mitochondria, MTG1 was first identified in the yeast Saccharomyces cerevisiae as required for mtLSU 21S rRNA stability and mitochondrial protein synthesis (30) . This phenotype is partially suppressed by spontaneous mutations in the 21S rRNA domain V, strongly suggesting a direct role of yeast MTG1 in mtLSU biogenesis. As in yeast, human MTG1 is known to localize to mitochondria, and MTG1 silencing in HeLa cells partially attenuates mitochondrial translation (20) . The intrinsic recombinant MTG1 GTPase activity is undetectable, but it is stimulated in vitro by the mtLSU (20) . Importantly, heterologous expression of human MTG1 partially rescues the mitochondrial protein synthesis defect in yeast mtg1 null mutant cells (30) . These observations suggest that human MTG1 could also participate in mtLSU assembly although its precise molecular role remains unknown.
In this study, we have used gene editing and RNA interference (RNAi) approaches to generate MTG1-depleted cell lines and organisms, which we have characterized molecularly, biochemically and physiologically. MTG1-silencing in human cardiomyocytes and developing zebrafish revealed early cardiovascular lesions. Mechanistically, data obtained using MTG1-KO HEK293T cells in parallel with in vitro assays provide unrecognized insights into the role of human MTG1 in mtLSU assembly. They also reveal that the release of MTG1 from the mtLSU is triggered by subunit joining during monosome formation, with one of the mtSSU subunits acting as a guanosine diphosphate (GDP) exchange factor. In this way, MTG1 sets a quality control checkpoint in mitoribosome assembly that controls mitochondrial translation, by coupling mitoribosome LSU assembly with intersubunit bridge formation.
MATERIALS AND METHODS

Human cell lines and culture conditions
HEK293T embryonic kidney cells (CRL-3216) and 143B osteosarcoma cells (CRL-8303) were obtained from ATCC. The 143B.TK − rho 0 derivative (143B206) was obtained from Dr M. King (31) . The three cell lines were cultured at 37
• C under 5% CO 2 in high-glucose Dulbecco s Modified Eagle s Medium (DMEM) medium supplemented with 10% fetal bovine serum (FBS), 1 mM pyruvate and 50 g/ml uridine (complete DMEM medium). Analysis for mycoplasma contamination was routinely performed.
iCell cardiomyocytes derived from induced pluripotent stem (iPS) cells were obtained from Cellular Dynamics (Madison, WI). These human heart cells consist of a 95% pure population of ventricular, atrial and nodal cells. They are known to recapitulate healthy human cardiac biology. Plating and maintenance media were obtained from Cellular Dynamics (https://cellulardynamics.com/productsservices/icell-products/icell-cardiomyocytes/). Assays in cardiomyocytes are described in the Supplementary Data.
Key reagents
Tables presenting the list of antibodies, recombinant DNAs, oligonucleotides and Small interfering RNA (siRNA) oligoribonucleotides used in this study are included in the Supplementary Data.
Generation of MTG1-KO cell lines
To create a stable human MTG1 knockout (KO) line in HEK293T cells, we used transcription activator-like effector nuclease (TALEN) constructs obtained from Cellectis (Paris, France). Two pairs of TALENs (32 and #2) were designed. The left and right TALENs for each pair were designed to bind the sequences shown in Figure 2A . Details on plasmid transfection, MTG1-KO clone selection and genotyping are presented in the Supplementary Data.
To establish stable lines expressing tagged or untagged versions of MTG1 or other genes of interest, 4 g of pIRESpuro2 empty vector or pIRESpuro2 containing FLAGtagged MTG1 was transfected to HEK293T cells using a standard Lipofectamine 2000 protocol. Two days after transfection, the medium was supplemented with 2.5 g/ml puromycin for 3 weeks.
Pulse labeling of mitochondrial translation products
Mitochondrial protein synthesis was assayed by pulselabeling 80% confluent human HEK293T and cardiomyocyte cultures in the presence of 100 l/ml emetine to inhibit cytoplasmic protein synthesis as reported (33, 34) and described in 'Supplementary Materials and Methods' section.
Isolation of mitochondria
Mitochondria from wild-type (WT) HEK293T cells or HEK293T cells stably expressing MTG1-FLAG were isolated as described previously (35) .
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Sucrose gradient analysis
The sedimentation properties of MTG1 and mitoribosomal proteins were analyzed by sucrose gradient sedimentation essentially as reported (15) and described in 'Supplementary Materials and Methods' section.
RNA analysis
Total RNA was prepared from whole cells by using Trizol (Invitrogen) following the manufacturer instructions for northern blot and quantitative polymerase chain reaction (qPCR) analyses. Experimental details are described in 'Supplementary Materials and Methods' section.
MTG1 interactome analysis
To study the MTG1 protein interactome, we used modified versions of co-immunoprecipitation analysis of proteinprotein interaction in the presence or absence of crosslinkers. We also used modified versions of PAR-CLIP assays to study protein-RNA interactions (36) . Experimental details are described in 'Supplementary Materials and Methods' section.
Zebrafish husbandry
Zebrafish were freshly supplied from University of Miami Zebrafish Core Facility and maintained in the facility during analysis. Experiments were carried out using Danio rerio WT strains AB. Embryos were obtained from natural crosses after removing a divider at first light and microinjections were performed into one-cell stage embryos. Embryos were reared in Petri dishes of system water in a 28
• C incubator with a 14-h light/10-h dark cycle. All experiments were conducted in accordance with the University of Miami Institutional Animal Care and Use Committee guidelines. Assays in zebrafish are described in the Supplementary Data.
Statistical analysis
All of the experiments were done at least in triplicate or otherwise indicated. Data in X-ray films were digitalized and analyzed using the ImageJ software. Statistical analyses were performed using the Prism-6 software. The data are presented as the means ± S.D. of absolute values or percentages of control. The values obtained for WT, a MTG1 partial KO (MTG1-KO 1F5), and the clone after silencing of MTG1 (MTG1-KO 1F5-siMTG1) strains for the different parameters studied were compared using a Student's twotailed t-test for comparison of two groups. For comparison of multiple groups, we performed one-way analysis of variance (ANOVA) followed by Tukey's post hoc test for all groups of the experiment. The statistical significance of cardiomyocyte and zebrafish studies were tested with one-way ANOVA followed by a Sidak's or a Tukey's multiple comparison test, respectively. The statistical tests of MTG1-rRNAs interaction were analyzed with two-way ANOVA followed by a Tukey's post hoc test (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
RESULTS AND DISCUSSION
MTG1 is a mitochondrial peripheral inner membrane protein that interacts with the mtLSU
Human MTG1 was previously localized to mitochondria in HeLa cells (20) . To confirm and expand these observations, we used HEK293T cells to pursue several approaches. Cell fractionation experiments to isolate mitochondria followed by brief sonication to separate soluble and insoluble fractions, alkaline carbonate extraction to separate membrane intrinsic and extrinsic proteins, and proteinase protection assays to determine MTG1 submitochondrial localization and topology (Supplementary Figure S1A and B) in conjunction with fluorescence immunohistochemistry (Supplementary Figure S1C ) allowed us to confirm that MTG1 is a mitochondrial protein. The data obtained (Supplementary Figure S1A and B) also lead us to conclude that MTG1 is a matrix protein loosely associated with the inner membrane, the location and behavior expected of a ribosome assembly protein.
To test whether the steady-state levels of MTG1 depend on the presence of mitochondrial ribosomes, we estimated MTG1 steady-state levels in a derivative of an osteosarcoma 143B cell line devoid of mtDNA (rho • cells) and therefore of all mitochondrial RNA (mtRNAs) including rRNAs. Several ribosome proteins tested (uL16, uL19 and bS18) did not accumulate in rho
• cells and other (mS27) were markedly decreased ( Figure 1A ), whereas only traces of MTG1 were detected. These data could link MTG1 to mitoribosome biogenesis, similar to all its homologs, but in principle, also to mtDNA or mtRNA transactions.
To explore a possible association of MTG1 with the mitoribosome, we used sucrose gradient sedimentation analysis of mitochondrial extracts prepared in the presence of 5 mM ethylenediaminetetraacetic acid (EDTA) to favor dissociation into ribosome subunits ( Figure 1B) . In 143B-WT cells, a portion of MTG1 (∼10% of total) co-sediments with mtLSU markers, whereas the rest accumulates in lighter fractions in which a calibration marker (lactate dehydrogenase (LDH), 130 kDa) peaks. In 143B-rho
• cells, the ribosome subunits are obviously not formed, and the residual MTG1 only forms slow sedimenting particles ( Figure 1B) . Studies in HEK293T mitochondrial extracts consistently identified a portion of MTG1 molecules co-sedimenting with the mtLSU, when they were prepared either in the presence of EDTA ( Figure 1C ) or in the presence of 10 mM Mg 2+ to favor the stability of the monosome ( Figure 1D ). Further exploration of MTG1 sedimentation patterns in gradients prepared using whole HEK293T cell extracts allowed us to identify a small portion of MTG1 that additionally co-sediments with the 55S monosome ( Figure 1E ). This interaction must be very transient or labile since it is not detectable following the mechanical stress the cells undergo during mitochondrial isolation. Therefore, MTG1 may play a role in mtLSU biogenesis that extends until the formation of the monosome.
MTG1 is required for HEK293T cell proliferation
To gain insight into the specific role of MTG1 in mitochondrial translation and mitoribosome assembly, we at- The lower graph shows the enzymatic activity of CIV or cytochrome c oxidase (COX) normalized by the activity of citrate synthase (CS) and expressed as percentage of WT. In all graphs, data represent the mean ± SD of three independent repetitions; one-way ANOVA with a Tukey's multiple comparisons test: ***P < 0.001; ****P < 0.0001. tempted to engineer KO of MTG1 in HEK293T cells using a TALEN-mediated approach. Although several transfection strategies and TALEN pairs were used and nearly 1000 clones were analyzed, we did not identify any homozygous KO. Consistently, MTG1 could not be KO in either haploid HAP1 cells (Horizon Discovery, UK; not shown), which suggested possible essentiality for this gene. However, among the many heterozygous HEK293T clones obtained, as screened by immunoblot against MTG1, one clone obtained with the first-TALEN-pair ( Figure 2A ) had detectable but particularly low residual MTG1 levels (Figure 2B ). By genotyping, the clone (MTG1-KO 1F5) was found to harbor two null MTG1 alleles, and a third allele carrying an in-frame 24-nt deletion within the TALEN spacer region (Figure 2A ). MTG1-KO 1F5 has a proliferation rate in standard high-glucose DMEM media considerably slower than WT cells ( Figure 2C ). To test whether the residual protein was still functional, the clone was subsequently treated with double strand siRNA for MTG1 genesilencing. After 5 days of siRNA transfection, steady-state levels of MTG1 were undetectable ( Figure 2B ), what further decreased the ability of the cells to proliferate ( Figure 2C ), indicating that the truncated MTG1 protein is functional.
Attempts to use the MTG1-KO 1F5 clone to generate homozygous KO clones by using additional TALEN constructs (second TALEN pairs in Figure 2A) were not successful. However, the MTG1-KO 1F5 clone is still a very useful resource, because siRNA-mediated silencing of MTG1 is markedly more effective in this cell line than that in WT HEK293T cells (Supplementary Figure S2A) .
The apparent essentiality of MTG1 was also manifested when performing siRNA-mediated silencing of its expression, a manipulation that induced severe cell death if extended for more than 5 days. Therefore, we used this time frame in all our silencing experiments. In regular MTG1-KO 1F5 cultures but not in WT cell cultures, abundant floating cells are commonly observed, indicating cell death, a number that markedly increases after MTG1 silencing. Analysis of floating and attached cells showed a significant increase in Caspase 3 cleavage upon MTG1 depletion (Supplementary Figure S2B and C). This phenotype was also observed in rho 0 cells silenced for MTG1, indicating that the severe cell death induced by depletion of MTG1 is independent of mtDNA genome and hence of mitoribosomes (Supplementary Figure S2C) . Therefore, MTG1 may perform an extraribosomal role whose characterization is beyond the scope of this manuscript. Involvement of mitoribosome components and AFs in regulation of apoptosis has been previously documented. Recently, pro-apoptotic proteins death associated protein 3, Bcl-2-interacting mitochondrial ribosomal protein and p52 (programmed cell death protein 9) have been respectively identified as the mS29, mL41 and mL65 components of the mitoribosome. Contrary to MTG1, however, silencing of each of these proteins make cells resistant to apoptosis (reviewed in (4)). Similarly, mouse embryonic fibroblasts KO for the GTPase NOA1 (C4orf14 or MTG3), a mtSSU AF, were found to be resistant to staurosporine-induced apoptosis (37) . As for MTG1, however, depletion of ERAL1, another mitochondrial GTPase that plays an important role in the assembly of the 28S mtSSU by acting as a chaperone for the 12S mtrRNA, leads to apoptosis in HeLa (19) and HEK293T cells (38) although cell death occurred before a mitochondrial protein synthesis defect was manifested (38) . Also, depletion of the human mitoribosome recycling factor is lethal in HEK293T cells, where reactive oxygen species (ROS) overproduction preceded any measurable translational defect (39) . The mechanisms connecting the mitoribosome to apoptosis regulation require therefore further investigations.
Here, we also observed that the MTG1-KO 1F5 cells undergo progressive adaptation and recovery of significant respiratory competence. This phenotypic suppression is not due to the acquisition of extragenic mutations in the 16S rRNA, as reported in yeast (30) , nor to intragenic mutations in the allele expressing the truncated MTG1 protein, but to an increase in the steady-state levels of this protein (not shown). Therefore, we routinely assessed the MTG1 steady-state levels in the culture prior to performing any experiments.
MTG1 is required for efficient mitochondrial translation and OXPHOS function in HEK293T cells
Following the observation that MTG1 co-sediments with the mitoribosome, we examined the mitochondrial translation capacity of MTG1-depleted cells by following the incorporation of [ 35 S]-methionine into newly synthesized mitochondrial polypeptides in the presence of emetine to inhibit cytoplasmic protein synthesis. De novo mitochondrial protein synthesis rates were markedly decreased in MTG1-KO 1F5 and more deeply in MTG1-KO 1F5 siMTG1-treated cells ( Figure 2D ) thus demonstrating a role for MTG1 in mitochondrial translation.
Consistent with their protein synthesis defect, MTG1-depleted HEK293T cells exhibited decreased steady-state levels of mtDNA-encoded OXPHOS components, especially NDUFB8 (a CI subunit), COX1 and COX2 (two CIV subunits), as analyzed by denaturing immunoblotting (Figure 2E) . Blue native-PAGE analyses further disclosed a decrease in the accumulation of OXPHOS complexes I, III, IV and V, which contain mtDNA-encoded subunits, whereas the level of complex II, formed exclusively by nucleusencoded subunits, was not affected ( Figure 2F ). The OX-PHOS complex deficiency resulted in decreased endogenous cell respiration in MTG1-KO 1F5 cells to a residual level of 30% of control that was further decreased to 10% after MTG1 gene-silencing for 5 days ( Figure 2G ). Under the same conditions, the residual activities of complex IV (cytochrome c oxidase, COX) were ∼40% and 14% of control cell activities ( Figure 2G ). We conclude that in HEK293T cells, MTG1 is necessary for mitochondrial protein synthesis and, consequently, for the biogenesis and function of mitochondrial OXPHOS complexes.
MTG1 is necessary for proper human cardiomyocyte activity and zebrafish cardiac development
Mutations in both nDNA and mtDNA affecting mitochondrial protein expression machinery and their constituents, including mitoribosome components, lead to devastating human disorders often manifesting as mitochondrial cardiomyopathies or encephalo-cardiomyopathies (5, 40) . For this reason, we decided to test the consequences of MTG1 depletion in cardiomyocyte physiology and heart development using two different models.
First, we used iPS cell-derived human cardiomyocytes (iCell cardiomyocytes) obtained from Cellular Dynamics (Madison, WI). After 4 days of full culture accommodation, transient MTG1 silencing for 4 days resulted in MTG1 steady-state levels attenuated to 40% compared to siNT transfection groups ( Figure 3A) , and mitochondrial translation capacity decreased to 50% ( Figure 3B ). As a result, steady-state levels of mtDNA-encoded proteins (COX1 and COX2) were reduced. Depletion of MTG1 also affected steady-state levels of mtLSU proteins (uL14, uL16, bL27 and bL36), suggesting a mitoribosome biogenesis defect ( Figure 3A) . To examine the physiological effects of MTG1 depletion on cardiomyocyte functions, we measured intracellular Ca 2+ transient ([Ca 2+] i) and Ca 2+ decay in a single cell base by using an IonOptix iCCD camera as reported (41) to record spontaneous action potentials from individual cells using the whole-cell current clamp technique. After 4 days of MTG1 silencing, the cardiomyocyte beating rate was significantly decreased ( Figure 3C ), and the Ca 2+ clearance was substantially delayed ( Figure 3D ), indicating that MTG1 function is essential for maintaining optimal cardiomyocyte physiology.
Second, we tested the role of MTG1 in developing zebrafish. For this purpose, 1-2 cell stage zebrafish embryos were injected with zebrafish Mtg1 (zf-Mtg1)-targeting or standard control (STD) Morpholino to induce transient KO-Mtg1. Available antibodies against zebrafish mitochondrial proteins are scarce, and our anti-human MTG1 did not cross-react with the fish homolog. We only found the anti-human COX1 antibody to cross-react with the fish protein and used it as a surrogate to follow potential mitochondrial protein synthesis defects derived from MTG1 depletion. The silencing efficiency was tested in this way after 48-h post-fertilization (hpf) when the average steadystate levels of COX1 were below 40% compared to control ( Figure 3E ). After 96 hpf when the embryos required a functional developed cardiovascular system for respiration, two different doses of zf-mtg1 morphants had significantly lower heartbeats than those in each same dose of STD morphants ( Figure 3F) . Interestingly, whereas all STD morphants had a normal shape, most zf-Mtg1 morphants in the higher dose (78.75%) and a few at the lower dose (8.4%) displayed apparent anatomical abnormalities such as a kinked body, edematous chest or a combination of both ( Figure 3F ). To better understand the hierarchy of pathophysiological events, we dissected the data from 79 morphants treated with 50 nM zf-Mtg1 into four different groups based on their anatomical phenotypes. From the total, 36.25% of morphants displayed only edematous chest, 5% only kinked body and 37.5% exhibited both phenotypes ( Figure 3F) . Notably, 21.5% of morphants had apparently normal shape, but their heartbeats were already significantly lower than those in the same dose of STD or lower dose of zf-Mtg1 morphants ( Figure 3F ), indicating that the cardiovascular lesion induced by MTG1 depletion is an early event in developing zebrafish.
We believe that the phenotypes described in these models are not influenced by the secondary function of MTG1 on cell survival, since even very low levels of the protein are sufficient to maintain viability in HEK293T cells. Our data support a role of MTG1 in the maintenance of cardiac physiology and cardiac development and present the gene as a candidate when screening for the molecular bases of dilated and hypertrophic cardiomyopathies associated with mitochondrial translation and OXPHOS defects.
MTG1 is essential for the formation of functional mtLSU and monosomes
A function for MTG1 in preserving mitochondrial protein synthesis is conserved across the different models tested. Henceforth, for all mechanistic studies on the role of MTG1 at the molecular level, we have used the amenable HEK293T model cell lines. Data presented in Figure 1 supplies information about the interaction of MTG1 with mtLSU and a more transient interaction with the monosome.
To explore whether MTG1 depletion affects mitoribosome accumulation, we first tested the steady-state levels of mtLSU and mtSSU subunit markers ( Figure 4A ). Immunoblot analyses showed that several mtLSU proteins including uL11, uL14, and in particular the lateassembly proteins uL16, bL27 and bL36 were significantly reduced ( Figure 4A ). Incidentally, the B. subtilis counterparts of these subunits require the bacterial MTG1 homolog RbgA for their incorporation into late-assembly intermediates (28, 42) . Subsequently, we followed the formation of the mtLSU ribonucleoprotein particle in MTG1-depleted mitochondria by sucrose gradient sedimentation analysis of whole-cell extracts (WCE) prepared in the presence of magnesium. The most obvious effect of MTG1 depletion was the virtual absence of 55S monosomes ( Figure  4B ). Otherwise, the sedimentation pattern of the mtLSU and mtSSU protein markers within the individual subunits was not changed in MTG1-KO 1F5-siNT-and MTG1-KO 1F5-siMTG1-treated cells, except for bL36, which accumulated in the top light fractions ( Figure 4B ). These data suggest that while the 39S mtLSU particle can form near to completion when MTG1 is limiting, at least bL36 cannot be efficiently incorporated into the mtLSU assembly line. The residual MTG1 expressed in MTG1-KO 1F5-siNT-and MTG1-KO 1F5-siMTG1-treated mitochondria co-sedimented with the mtLSU but monosome formation with the mtSSU appears to be impaired, as mentioned earlier ( Figure 4B ). To better compare the accumulation of MTG1 and MRP markers in WT and MTG1-depleted extracts, we ran in parallel, in a single gel, samples from the relevant sucrose gradient fractions ( Figure 4C ). We confirmed that the levels of mtLSU proteins were increased in the F6-7 fractions where the mtLSU peaks, except bL36. Furthermore, we can better appreciate how the increasing depletion of MTG1 progressively impairs 55S monosome formation ( Figure 4C ). The same fractions from gradients presented in Figure 4B were used to analyze the rRNA distribution by Quantitative reverse transcription polymerase chain reaction (RT-qPCR). Levels of 16S rRNA in the mtLSU fractions were similar in WT and MTG1-depleted cells, but the later had enhanced relative levels of 12S rRNA in the mtSSU fractions ( Figure 4D) , probably reflecting the The lower panel graph presents the quantification of heart beating rates in the STD-or zf-Mtg1-treated groups. In each group, each symbol represents an individual embryo. On the right side of the graph, the zf-Mtg1 50 nM morphants were further divided into different groups based on their anatomical features. Data represent the mean ± SD of four independent repetitions. Two-tailed t-test with a Mann-Whitney post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. N, normal shape; E, edematous chest; K, kinked body; E+K, a combination of kinked body and edematous chest. lack of monosomes. In fact, quantification of total 12S and 16 rRNAs by northern blot and RT-qPCR did not identify any significant changes in their steady-state levels, which was also true for tRNA Val and several mRNAs analyzed ( Figure 4E and F) .
Finally, to obtain a more thorough picture of the differences in the composition and abundance of assembled mitoribosomal subunits, sucrose gradient fractions corresponding to the monosome, mtLSU and mtSSU were methanol/chloroform precipitated and analyzed by mass spectrometry (Supplementary Figure S3) . Consistent with the data presented in Figure 4B and C, all mtLSU and mtSSU proteins from MTG1-depleted mitochondria showed a decrease in the monosome fraction. Interestingly, the abundance of some proteins subunits tended to increase in the mtLSU fraction despite the reduced levels of some mtLSU proteins in total cell lysates (Supplementary Figure  S3A) , suggesting that those proteins able to integrate into ribonucleoprotein particles could be more stable than when unassembled. bL36 was not detected, and bL35 was found particularly underrepresented.
These two proteins are among the late-assembly mtLSU proteins that accumulate in substoichiometric amounts in the 45S particle found in RbgA-depleted B. subtilis cells (22, 28, 29) and Nicotiana benthamiana chloroplasts (43) . Because mutations in B. subtilis L6 attenuate the growth defect of an rbgA mutant (26) , it has been proposed that RbgA may facilitate proper interaction between L6 and the maturing 50S ribosome, subsequently triggering the incorporation of the late-assembly proteins such as L16, L27, L28, L33a, L35 and L36. However, L6 is not present in the mitochondrial ribosome despite robust conservation of the rRNA to which it binds (see next section). This loss is structurally compensated by mitochondria-specific proteins mL66 (MRPS18a) and mL53 (44), which are not particularly under-represented in the mtLSU particles detected in the absence of human MTG1 ( Figure 4A and Supplementary S3A). In yeast, the RbgA homolog Lsg1 has been proposed to play a role in the incorporation of the L16 homolog Rpl10 and other late-assembly proteins into the cytoplasmic LSU (45, 46) , suggesting that RbgA and its homologs regulate a step during LSU biogenesis that must be at least broadly conserved during evolution. In human cells, total mitochondrial bL16 levels are attenuated ( Figure 4A ), but they accumulated normally in the MTG1-less mtLSU particles ( Figure 4C and Supplementary S3A).
Taken together, our data allow us to conclude that human MTG1 catalyzes a step that is required for the efficient incorporation of at least bL36 and bL35 during the late stages of mtLSU biogenesis.
MTG1 catalyzes an mtLSU late-assembly step during the hierarchical incorporation of MRPs
We aimed to further examine the role of MTG1 during the hierarchical incorporation of MRPs and the ordered action of AFs during mtLSU biogenesis. For this purpose, we introduced siRNA-induced silencing of selected mtLSU proteins ( Figure 5A ) and AFs in WT cells and tested genetic interactions among them by immunoblotting ( Figure 5B and C) and sucrose gradient sedimentation assays ( Figure 5D ).
The selected mtLSU proteins included early-assembled proteins such as bL19 and mL45 (6) . As expected, silencing of bL19 or mL45 significantly lowered the steady-state levels of most mtLSU proteins, prevented mtLSU assembly and also attenuated MTG1 levels ( Figure 5B and C) , further confirming that MTG1 steady-state levels depend on mtLSU components. mL45 is the homolog of yeast Mba1, a ribosome membrane anchoring protein (47) , whose incorporation at an early stage may serve to tether the 39S mtLSU at the inner membrane during subsequent steps in assembly. Hence, MTG1 acts beyond the incorporation of early assembly subunits.
We also included proteins that structurally compensate for the loss of L6, a proposed MTG1-functionally interacting protein, such as the mitochondria-specific protein mL66 (MRPS18a) (44) , as well as for other structurally interconnected intermediate-binding proteins (uL14 and uL16) and AFs, such as C7orf30 also known as MALSU1. MALSU1 acts as a chaperone of uL14 (48, 49) , whose incorporation into the assembling 39S particle involves a conformational change of the sarcin-ricin loop (SRL, helix 95) in the 16S rRNA (50) . The SRL is essential for assembly of the functional LSU core as well as for GTP-catalyzed steps of translation (51), specifically for anchoring elongation factor G (EF-G) on the ribosome during mRNA-tRNA translocation (52) . The crystal structure of bacterial LSU revealed that SRL interacts with the body of the 50S LSU through the C-terminus domain of uL6 and loop-loop tertiary interactions with 23S rRNA h91. H91 then contacts h89, h90 and h92, which are connected directly to the A-and PtRNA binding sites and the peptidyl transfer center (PTC). H91 also contacts h42, which connects to the GTPaseassociated center (GAC; h43 and h44), indicating that SRL is linked with several critical regions of the 50S subunit by its tertiary interactions. In bacteria, uL6 is a two-domain protein. L6 N-terminus interacts with h97 of the 23S rRNA and its C-terminus interacts with the SRL. All mutations in L6 that suppress the mtLSU assembly defect in rbgA-deficient B. subtilis cluster in a region where the L6 closely contacts with 23S rRNA H97 (26) . Also, the mutant L6 protein was stably incorporated into the 50S subunit, but markedly disrupted the formation of intact 70S ribosomes as a result of the improper positioning of the intersubunit bridge involving h89, which makes direct contact with L6 and uL16 (26) . As explained earlier, uL6 is absent in mammalian mitochondria despite strong conservation of the uL6 binding rRNA helices, although the mitochondria-specific proteins mL66 and mL53 compensate for the loss of bacterial uL6 without functional replacement (44) .
Based on the observations made in bacteria, we hypothesized a potential structural interaction among uL14, uL16, mL66, MALSU1 and MTG1 around the mtLSU functional core. Silencing of uL14 or MALSU1 affected their reciprocal stability and decreased the steady-state levels of uL16 (the effects of siMALSU1 were milder), indicating that uL16 incorporates after uL14 ( Figure 5B and C) . Also, the level of MTG1 was increased ( Figure 5B and C) but at least the absence of uL14 prevented MTG1 binding to the mtLSU (Figure 5D ), strongly indicating that MTG1 acts on the uL14-containing 39S pre-particle. We noticed an inverse correlation between the levels of MALSU1 and MTG1, which may reflect compensatory mechanisms or some functional interaction between these two GTPases through uL14. The level of uL16 was not particularly affected by MTG1 silencing. However, silencing of mL66, which structurally balances the absence of uL6, dramatically decreased the steady-state level of uL16, and significantly increased MALSU1 and MTG1 ( Figure 5B and C) . These data indicate that as for L6 in bacteria, mammalian mL66 is required for the proper incorporation of uL16 and other late-assembly proteins. Yet, mL66 silencing did not prevent incorporation of at least a small fraction of MTG1 into the mtLSU ( Figure 5D ). The decreased incorporation of MTG1 upon mL66 depletion indicates that MTG1 binding is enhanced or stabilized by the presence of mL66 and suggests that MTG1 might act to remodel the interaction of mL66 with the 16S rRNA after its incorporation into the mtLSU assembly line. , the densitometric data obtained on the abundance of MRPs and AFs accumulated after silencing of each target protein were used for cluster analysis (see STAR Methods). The heat map, generated with the R studio software, represents a log 2 scale of the normalized average levels of ratio to control (NT) in three independent repetitions of immunoblotting analyses. VDAC was used as a loading control. Two-way ANOVA followed by a Dunnett's multiple comparisons test: *P < 0.05; **P < 0.01; ***P < 0.001). (D) Sucrose gradient sedimentation analysis of MTG1 and MRPs from mitochondrial extracts from the indicated cell lines. For each experiment, siNT-treated WT HEK293T cells were used as a control.
Our data exposed genetic interactions among the three S18 variants present in the mammalian mitoribosome (MRPS18a or mL66 in mtLSU, MRPS18b or mS40 and MRPS18c or bS18 in mtSSU), which were derived from gene duplication events from the same ancestral sequence (47) . As expected, silencing of mL66 did not affect the levels of mS40 or bS18, and silencing of mS40 resulted in significantly decreased bS18 levels. mS40 silencing also enhanced mL66 levels, which could be a compensatory mechanism for the loss of mtSSU, since a similar (although not significant) tendency was observed in the absence of mS27 ( Figure 5B and C). Silencing of mtSSU proteins did not affect the overall levels of mtLSU proteins or the interaction of MTG1 with the mtLSU (Figure 5D ), thus supporting the notion that the mtLSU assembles independently of the mtSSU.
Finally, our study also incorporated silencing of mtLSU late-assembly protein bL36. In the mature mtLSU structure, bL36 was found only in a class of particles with folded 16S rRNA at the intersubunit interface. This observation suggested that the recruitment of bL36 and the folding of mt-rRNA may be interdependent in a way that bL36 stabilizes tertiary interactions among h89, h91 and h97 (50) . Because bacterial L6 has broad interactions with these helices, we asked how bL36 genetically interacted with other mtLSU proteins around the functional cores. Whereas depletion of bL36 did not significantly affect the levels of the mtLSU proteins analyzed, it leads to the marked accumulation of MTG1 as well as other mtLSU AFs, MALSU1 and the DEAD-box helicase DDX28 ( Figure 5B and C) . MTG1 co-sediments with the bL36-depleted mtLSU pre-particle ( Figure 5D ), which together with the observation that the steady-state levels of bL36 are remarkably decreased following depletion of MTG1 ( Figures 4A-C and 5B), allowed us to conclude that bL36 is incorporated following the action of MTG1, similar to what has been described for bacterial RbgA (28, 29) .
Mass spectrometry analysis of the 55S monosome and 39S mtLSU from MTG1-depleted cells allowed us to further evaluate the hierarchy of incorporation of AFs during mtLSU assembly ( Figure 5C and Supplementary S3B). Levels of the DEAD-box helicase DDX28 were maintained constant, suggesting early incorporation and stable interaction with the mtLSU particle assembled in the absence of MTG1 ( Figure 5C and Supplementary S3B). On the contrary, levels of the GTPase MTG2 on the mtLSU were reduced following MTG1 depletion, indicating a labile interaction. Considering that yeast Mtg2 acts in steps before Mtg1 (9), it is conceivable that human MTG2 could be released from the growing particle before MTG1 incorporation.
MTG1 directly interacts with the 16S ribosomal RNA
The bacterial homolog of MTG1, RbgA, interacts with the LSU rRNA to promote a conformational change that permits incorporation of late-assembly LSU proteins (25) . Thus, we set to examine whether MTG1 directly binds to the 16S rRNA that could also allow us to propose the conformation rearrangement hypothesis. For this purpose, mitochondrial extracts from WT cells stably expressing MTG1-FLAG were subjected or not to ultraviolet (UV)-mediated protein-nucleic acid cross-linking, anti-FLAG bead-driven IP as well as non-FLAG bead-driven IP as a control, and isolation of the co-immunoprecipitated (co-IPed) RNA. Following reverse transcription and qPCR analysis, the 12S rRNA was poorly detected in all the different groups. In contrast, the 16S rRNA was significantly enriched in the FLAG Co-IP eluted samples compared to those in the control IP. We amplified the 16S rRNA using primers targeting three different regions of the gene (Figure 6A) , and all three regions of 16S rRNAs were highly enriched in MTG1 pulled-down eluates, thus demonstrating interaction of MTG1 with the 16S rRNA in vivo ( Figure 6B ). Importantly, levels of detected 16S rRNA were significantly lower in the UV-irradiated samples compared to those non-UVirradiated, except those corresponding to the 3 -end of 16S rRNA ( Figure 6B ). Since UV irradiation is known to induce RNA cleavage and degradation (53-55), we interpret these data as to indicate that MTG1 binds near the 3 end of the 16S rRNA and protects that domain from UV-induced RNA cleavage. The 16S rRNA 3 -end corresponds to domain VI, which includes helices 95-99 ( Figure 6C ).
As an alternative approach to identify and narrow the MTG1 target mitochondrial RNA transcripts, we isolated the co-IPed RNA, and performed pair-end RNA sequencing (RNA-seq) experiments ( Figure 6D ). This analysis clearly showed that MTG1 bound the 16S rRNA, with major specificity for the region encompassing domain VI of the 16S rRNA helices H95 (the SRL), H96 and H97. A schematic of the secondary structure of this domain indicating the helices with which mtLSU proteins interact is presented in Figure 6C .
Hence, our data show that MTG1 binds to a 16S rRNA region conserved in bacteria that is remodeled following interaction with RbgA to facilitate incorporation of L35, L36 and other late-assembly proteins.
MTG1 interacts with uL19 and mS27
In addition to interacting with rRNA, MTG1 could directly guide insertion of ribosomal proteins into the growing mtLSU particle. To identify potential mitoriboprotein interacting partners of MTG1, we used an array of approaches. Although we have detected a portion of total MTG1 co-sedimenting with the mtLSU, the interaction could be labile depending on GTP hydrolysis. To stabilize potential interactions, we performed immunoprecipitation (IP) assays with mitochondria incubated in the presence or absence of non-hydrolysable GTP (GMPPCP or ␤,␥ -methyleneguanosine 5 -triphosphate sodium salt) or chemical cross-linkers.
In one assay, mitochondria purified from HEK293T cells stably expressing FLAG-tagged MTG1 were pre-incubated with 2.5 mM GMPPCP for 40 min at 4
• C to trap the transient MTG1-mitoribosome complex by blocking MTG1 dissociation. After lysis with mild 0.25% digitonin to maintain native complexes intact, the MTG1-FLAG-interacting proteins were isolated by FLAG-affinity IP and analyzed by immunoblotting. Whereas mtSSU proteins were not detected in the bound fractions, all mtLSU proteins analyzed were detected in the FLAG Co-IP eluate, but not in the . The graph represents a heat map of the normalized average density of the reads across the mitochondrial genome. Control sample represents non-specific binding of mitochondrial RNA to the naked beads (no antibody used for immunoprecipitation). Three independent repetitions are presented. Reads were pre-processed to remove sequencing adapters using Trimmomatic and then mapped with Tophat version 2.1.0 to the reference human genome (assembly GRCh37). Mitochondrial coverage was computed using Bedtools. Raw data can be accessed through the Gene Expression Omnibus (GEO) database repository (accession number GSE116688). (E) Co-IP analysis of MTG1-FLAG and native interacting MRPs with anti-FLAG agarose beads (F) or plain beads used as control (Ct). (F) Localization of the highly ranked MTG1 interacting mitoribosomal proteins (uL19, mS27, mL37, mL39 and mL65) and 16S rRNA domain VI (red) in the human mitoribosome structure (PDB 3J9M) (2) . (G) IP analyses of endogenous bL19, mL39 or mS27 using Abs targeting each subunit from HEK293T cells stably expressing MTG1-FLAG. The interaction was fixed by incubation with the cleavable cross-linker DSP. IP with IgG was used as a negative control (IgG), and IP with anti-FLAG beads was used for pull-down of MTG1 as a positive control (MTG1). See also Supplementary Table S1. The statistical tests of MTG1-rRNAs interaction were analyzed with two-way ANOVA followed by a Tukey's post hoc test (****P < 0.0001).
control-IP, demonstrating the native interaction of MTG1 with mtLSU proteins ( Figure 6E ). It is mechanistically relevant, however, that following pre-incubation with GMP-PCP we did observe only a mild increase in the portion of MTG1 that co-sediments with the mtLSU (Supplementary Figure S4) , which suggests that the number of GTP-bound MTG1 molecules interacting with the mtLSU in our preparations is near saturation.
In another set of assays, we explored the interaction of MTG1 with mitoribosomal proteins in the presence of cross-linkers followed by extraction under denaturing conditions. First, we explored the directly interacting partners of MTG1 by using the cleavable cross-linker dithiobis[succinimidylpropionate] (DSP). DSP has NHS-ester reactive ends that react toward amino groups, with a 12.0Å spacer arm that contains a cleavable disulfide bond. Mitochondria were incubated in the presence DSP or the vehicle Dimethyl Sulfoxide (DMSO) as a negative control before extraction with 1% sodium dodecyl sulphate (SDS), dilution to final 0.1% SDS and FLAG affinity IP. In these conditions, MTG1 was IPed with several mtLSU markers tested, and also with some mtSSU proteins such as mS22, mS27 and mS40 (data not shown).
Subsequently, we used the non-cleavable cross-linker N-␣-maleimidoacet-oxysuccinimide ester (AMAS). AMAS has NHS-ester and maleimide groups, which cross-link amino to sulfhydryl groups with a 4.4Å spacer arm. Mitochondria purified from cells stably expressing MTG1-FLAG were incubated in the presence of AMAS or DMSO as a negative control, pulled-down with anti-FLAG agarose beads and analyzed by sodium dodecyl sulphatepolyacrylamide gel electrophoresis. After Coomassie staining, a band of ∼75 kDa was observed only in the crosslinked-IPed sample (not shown). The band was cut, and its composition was analyzed by mass spectrometry. In two independent trials, we found that 13 MRPs were detected from each experiment, nine of which were overlapping (Supplementary Table S1 ). Given the MW of these proteins, MTG1 could be expected to interact with one of them, although it is conceivable that more than one MTG1 complex of similar MW could conform the ∼75 kDa adduct. Also, some pairs of MRPs could be cross-linked and comigrate with the MTG1-MRP adduct/s. While mapping these MRPs to the structure of the mitoribosome, we noticed that the five common MRPs with the higher rank, mS27, uL19, mL37, mL39 and mL65 locate adjacent to each other around the area where the mitochondria-specific bridge mB6 is formed by uL19 and mS27 ( Figure 6F ). Furthermore, these MTG1-interacting MRPs map to the location where the 16S rRNA 3 end resides ( Figure 6F) .
Finally, to confirm the interaction of those MRPs with MTG1, we performed multiple reciprocal pull-down analyses using DSP-crosslinked mitochondrial extracts and anti-MRP-specific antibodies with protein A-sepharose beads. In these assays, we detected co-immunopurified fraction of MTG1 from elutes that incubated with a uL19 or mS27 antibody ( Figure 6G ). Beads conjugated to IgG or to mL39 were used as negative controls. Re-analyzing the mass spectrometry data of the AMAS-crosslinked adducts, we found that MTG1 co-immunopurified with uL19 and mS27 with over 95% of probability (Supplementary Table S2 ), confirming that MTG1 directly interacts with uL19 and mS27. These results are in agreement with the observations made in sucrose gradient sedimentation analysis of WCE that detected a larger portion of MTG1 co-sedimented with the mtLSU but also a minor fraction co-sedimenting with the monosome (Figure 1 ).
During translation, multiple molecular contacts between the mature ribosomal subunits termed intersubunit bridges keep the monosome together and serve to control dynamics that enable the various steps of translation (56) . Whereas in bacteria and eukaryotes, these bridges mainly involved conserved RNA-RNA interactions (57) , the interface of the human mitoribosome is richer in protein-mediated connections (2, 3) . Several bridges present in bacterial ribosomes are absent in mitoribosomes, which in turn contain six mammalian mitochondrion-specific bridges, among them, bridge mB6 (also called B9) that is formed between uL19 and mS27 (2, 3) . Whereas the formation and function of mitoribosome intersubunit bridges remain to be understood, our observations allow us to propose a model in which MTG1 could directly or indirectly participate in either connecting or preventing the premature connection of uL19 and mS27.
In this model, MTG1 would bind to the 16S rRNA to catalyze a late-stage mtLSU assembly step involving remodeling of the uL19-containing mtLSU domain. MTG1 would subsequently remain bound to the 39S mature particle and eventually released, hence facilitating the formation of the mB6 intersubunit bridge.
MTG1 release from the 39S mtLSU is stimulated by mS27
GTPases work by cycling between inactive GDP-bound and active GTP-bound states. The interconversion of these states is facilitated by guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs). GEFs stimulate the release of GDP and then catalyze the GDP-GTP exchange, and GAPs accelerate GTP hydrolysis (58, 59) . Unlike prototypical GTPases, the characterized bacterial GTPases acting in ribosome assembly bind nucleotides weakly and are thus not expected to be dependent on GEFs to exchange GDP for GTP (60) . Therefore, it has been proposed that most ribosome assembly GTPases could be directly regulated by the GTP/GDP ratio, which could allow these proteins to directly couple ribosome assembly to energy status in the cell (10, 60) . There is, however, at least one exception, E. coli RsgA, which catalyzes fast GTP hydrolysis in the presence of 50S LSU but then turnover is limited by GDP release, which is stimulated over 100-fold by the 30S ribosome acting as a GEF (61) .
For the bacterial MTG1 homolog RbgA, GTP and GMPPNP were sufficient to promote RbgA association with a 45S intermediate, whereas only GMPPNP was able to support binding to the 50S subunit, likely due to the stimulation of GTP hydrolysis. Hence, RbgA has been proposed to promote a late step in ribosome biogenesis (discussed earlier), and one role of GTP hydrolysis is to stimulate its dissociation from the ribosome, which apparently does not need a GEF.
The case of MTG1 may be different. As for RbgA, a previous study reported that the intrinsic recombinant MTG1 GTPase activity is undetectable, but it is stimulated in vitro by the mtLSU and particularly by the 55S monosome (20) . In human mitochondria, however, mS27 has been suggested to play a role as a GEF, as it shares sequence homology with the dibble-homology (DH) domain of the Dbl GEF family proteins (62) . The DH domain interacts with the G protein and mediates the GEF activity. The alignment presented in Figure 7A shows weak but relevant primary sequence homology involving the C-terminus of mS27. The DH domain is constituted of three structurally conserved regions (CR1-3) separated by more variable regions (63) . The three conserved regions, which are present in mS27 ( Figure 7A ), are known to contain some of the critical determinants of GEF function (63) . Conserved residues include E185 and L197 in CR1, F235 in CR2 and LVKE (373-376) in CR3 ( Figure  7A ). mS27 was initially thought to be a GEF for mS29 (64), a GTP-binding protein embedded in the SSU head, where it contributes to the formation of intersubunit bridges (2, 3) . However, the cryo-EM structures of the mammalian mitoribosome have located mS27 to the mtSSU foot, making impossible the mS29-mS27 functional association (2, 3) . Now, the physical interaction between MTG1 and mS27 described here ( Figure 7B ) opened the possibility for a functional relationship. We proposed that mS27 is a GEF of MTG1 that stimulates the release of GDP-bound MTG1 from uL19 in the mature mtLSU. To test this hypothesis, we used mitochondrial extracts from cells expressing FLAG-tagged MTG1 and performed IP assays to assess the amount of co-IPed uL19 when the extract was supplemented or not with recombinant mS27 (Figure 7B ) obtained from Proteintech (Cat # Ag11223). The presence of excess GTP or GMPPCP did not affect the levels of co-IPed bL19, probably because the MTG1 molecules interacting with the mtLSU are already GTP bound. Importantly, however, incubation with excess recombinant mS27 significantly decreased the levels of co-IPed bL19 ( Figure 7B ). These data would be compatible with a scenario in which mS27 stimulates GDP-GTP interconversion in MTG1, promoting in this way the dissociation of GDP-bound MTG1 from the mature 39S mtLSU. Future studies on the in vivo role of mS27 as a GEF of MTG1 are warranted.
CONCLUSION
Collectively, the data presented in this manuscript lead to a model for mitoribosome biogenesis in which MTG1 connects late-stage mtLSU assembly with mtSSU joining (Figure 8 ). In our model, MTG1 acts on mtLSU maturation in a manner broadly similar to its bacterial counterpart RbgA, with which it shares mechanistic principles (22, 28, 29) , and also significant differences to attend to the specific mitoribosome composition and assembly pathway. MTG1 acts after MALSU1 whose binding to uL14 also induces conformational changes in the neighboring bL19 relative to their positions in the mature mitoribosome (50) . Subsequently, GTP-bound MTG1 interacts with domain VI helices in the 16S rRNA and with protein bL19, presumably to induce a conformational change that facilitates incorporation of late-stage subunits, at least bL36 and bL35, to complete the mature 39S mtLSU particle. Then, MTG1 is not readily released from the mtLSU but remains bound to it, a behavior probably sustained by a slow MTG1 GDP-GTP exchange. The interaction of mtLSU/bL19-MTG1(GDP) with mS27 in the mtSSU promotes the previously unrecognized mS27 GEF activity on MTG1 that will facilitate GDP-GTP interchange and MTG1 release from the 55S monosome.
The proposed model has implications for translational regulation. We propose that MTG1 acts as an mtLSU quality control checkpoint molecule as it serves to avoid premature subunit joining. Redundant mechanisms exist to prevent premature subunit joining and translation initiation. An antisubunit-association activity has been also proposed for MALSU1, which belongs to the ribosome silencing factor (RsfS) family. MALSU1 forms a complex with two proteins, the mitochondrial acyl carrier protein and the LYR-motif-containing protein L0R8F8, which sterically obstructs the binding of the mtSSU (50) . Also in bacteria, binding of RsfS to uL14 prevents the formation of bridge B8 with helix 14 of 16S rRNA (65) . The subunit antiassociation role of MTG1 is conserved for other members of its family, such as the S. cerevisiae protein Lsg1. In the cytoplasm, Lsg1 GTPase activity is required to release two 60S AFs, Nmd3, positioned across the PTC, and Tif6, from the 60S LSU (66) and allows 60S LSU interaction with 40S-initiation complexes (67) .
Yeast and mammalian mitoribosomes have acquired an intrinsic GTPase in the small subunit, mS29 (68) , an unique feature among ribosomes, which participates in subunit association. The identification of another mitochondrionacquired mtSSU protein, mS27, absent in yeast, which acts as a GEF of MTG1 to catalyze the return of MTG1 from the inactive GDP-binding conformation to the active GTPbinding conformation, is also unprecedented in translational systems. Close examples include the protein elongation factor EF-Tu, which requires elongation factor EF-Ts for rapid exchange of GDP for GTP. In prokaryotes, free peptide release factor 3 is in vivo stably bound to GDP, and ribosomes in complex with RF1 or RF2 act as GEFs (69) . The ribosome itself also acts as the GEF for EF-G that catalyzes the translocation of peptidyl-tRNA from the A site to the P site of the ribosome. The uniqueness of mS27 lies on the conservation of GEF motifs, its integration into the mitoribosome and its specificity for MTG1.
Finally, from a biomedical perspective, our genetic and physiological studies on HEK293T cells, human cardiomyocytes and zebrafish developing heart demonstrate the requirement of MTG1 for mitochondrial translation and OX-PHOS function in multiple biological systems. Given the frequent clinical outcome of mitoribosome assembly and mitochondrial translation defects as pure or syndromic mitochondrial cardiomyopathies, our data highlight the deleterious potential of MTG1 as a mitochondrial cardiomyopathy gene.
DATA AVAILABILITY
Raw data can be accessed through the Gene Expression Omnibus (GEO) database repository (accession number GSE116688). Schematics showing the structural domains present in several members of the Dbl GEF (GTP-exchange factor) family proteins (Saccharomyces cerevisiae Cdc24 and human DBS, DBL and TIAM) in comparison with mS27. The catalytic region of most Rho-GTPase GEFs consists of a conserved DH/PH domain tandem (59) . The DH domain, which interacts with the G protein and mediates the GEF activity, is conserved in mS27. The PH domain, commonly considered to be a phosphatidylinositol phosphate-binding protein domain structurally and functionally divergent in the individual GEFs, is absent in mS27. The lower panel shows a Clustal X alignment of human mS27 (NP 055899) with the DH domain present in the Dbl GEF family proteins Cdc24 (DAA06945), DBL (P10911), DBS (O15068) and TIAM1 (NP 001340617). Conserved regions 1, 2 and 3 (CR1-3) are labeled in blue. A single asterisk indicates conserved residues and double asterisks identify identical residues. (B) Co-IP analysis of uL19 with MTG1-FLAG using anti-FLAG agarose beads, in the presence or absence of non-hydrolysable GTP (GMPPCP), hydrolysable GTP, recombinant mS27 (mS27p) or combination of GMPPCP with mS27. Ct, plain beads used as control; F, anti-FLAG agarose beads. The lower panel shows the densitometry values of co-immunopurified uL19 normalized by the signal of purified MTG1 and expressed relative to the untreated control. Data represent the mean ± SD of five independent repetitions; one-way ANOVA with a Dunnett's multiple comparisons test, ****P < 0.0001. 
